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Abstract
Nonstandard CP violation in the Higgs sector can play an essential role in electroweak
baryogenesis. We calculate the full two-loopmatching conditions of the standardmodel, with
Higgs Yukawa couplings to light quarks modied to include arbitrary CP-violating phases,
onto an eective Lagrangian comprising CP-odd electric and chromoelectric light-quark (up,
down, and strange) dipole operators. We nd large isospin-breaking contributions of the
electroweak diagrams. Using these results, we obtain signicant constraints on the phases
of the light-quark Yukawas from experimental bounds on the neutron and mercury electric
dipole moments.
1 Introduction
Electric dipole moments (EDMs) of atomic systems and elementary particles are sensitive probes
of CP violation [1–3]. New sources of CP violation beyond the Standard Model (SM) are a neces-
sary ingredient of models explaining the observed baryon asymmetry of the universe (“baryoge-
nesis”). A particularly appealing scenario is electroweak baryogenesis (see Ref. [4] for a review),
as it can potentially be probed at the LHC. In many models, electroweak baryogenesis is driven
by a CP-violating phase in the Higgs-top coupling. is phase also induces an electric dipole mo-
ment (EDM) in various elementary particles and hadronic systems. Hence, experimental bounds
on EDMs, for instance of the neutron, give strong constraints on new phases in the top Yukawa
and naively exclude many models of baryogenesis.
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On the other hand, as pointed out in Ref. [5], phases in Yukawas other than the top Yukawa are
barely relevant for electroweak baryogenesis, whereas they can lead to a substantial modication
of the EDM bounds. is motivates a detailed study of CP-violating contributions to all Yukawa
couplings.
In Ref. [6], EDM constraints on the Yukawa couplings of the third fermion generation (top, bot-
tom, tau) were studied. e remaining large theory uncertainty in the constraint for CP violation
in the boom Yukawa was addressed in Ref. [7], and the analysis extended to include also the
charm quark. EDM constraints on the electron Yukawa were obtained in Ref. [8].
e constraints on light-quark Yukawas (up, down, and strange) were studied in Ref. [9] in the
context of eective dimension-six Higgs–quark interactions. In that work, a t was performed to
one or two Yukawa couplings at a time, using hadronic EDMs induced by Barr-Zee diagrams with
virtual top quarks in the loop. In the present publication, we calculate the full set of contributing
two-loop diagrams induced by CP-violating phases in the light-quark Yukawas. In particular, we
show that the contribution of bosonic diagrams dominates over the top-loop diagrams. Further,
we show that the particular paern of relative contributions to the electric and chromoelectric
dipole operators at low energies retains the large complementarity of constraints from the neutron
and mercury EDMs.
is article is organized as follows. In Sec. 2 we present the framework of our calculation,
as well as the full analytic results, and the renormalization-group (RG) evolution from the elec-
troweak to the hadronic scale. In Sec. 3 we study the numerical implications of our results for CP
violation in the light-quark Yukawas, and we conclude in Sec. 4.
2 Setup and calculation
Our starting point is the SM Lagrangian with modied Yukawa couplings of the form
Lh−q−q = −
ySMq√
2
κq q¯ (cosφq + iγ5 sinφq) q h , (2.1)
where h denotes the SM Higgs eld in the broken phase, and q the SM quark elds. Moreover,
ySMq ≡ emq/(
√
2swMW ) is the SM Yukawa, with e the positron charge, sw the sine of the weak
mixing angle, andMW theW -boson mass, respectively. e mass of the light quark q is denoted
by mq . e real parameters κq ≥ 0 parameterize modications to the absolute value of the SM
Yukawa couplings, while the phases φq ∈ [0, 2pi) parameterize CP violation and the sign of the
Yukawa. e SM value is obtained in the limit κq = 1 and φq = 0.
In this work we are interested in constraining the phases of the light-quark Yukawas, q =
u, d, s, via their contributions to hadronic EDMs. ey are induced by the partonic low-energy
eective Lagrangian [10] valid at energy scales of the order of one GeV,
Leff = −dq i
2
q¯σµνγ5q Fµν − d˜q igs
2
q¯σµνT aγ5q G
a
µν , (2.2)
with σµν = i2 [γ
µ, γν ].
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Figure 1: e contributions to the Weinberg operator are suppressed with respect to the dipole
contributions by an additional power of a light-quark Yukawa and are neglected. Here
and in the following, the CP-violating Higgs coupling to the light quarks q = u, d, s is
denoted by a black square.
We calculate the contributions to this Lagrangian of the modied Yukawa couplings in Eq. (2.1)
by rst matching the modied SM to the eective Lagrangian
Le = −
√
2GF
∑
q
∑
i=1,2
CqiO
q
i + . . . (2.3)
obtained by integrating out the heavy gauge bosons, the top quark, and the Higgs boson at the
weak scale µew ∼ Mh = 125.18GeV. Here, the sum runs over all active quark elds below the
weak scale (q = u, d, s, c, b), and the operators are dened as
Oq1 =
ieQq
2
mq q¯σ
µνγ5q Fµν , O
q
2 = −
i
2
gsmq q¯σ
µνγ5T
aq Gaµν . (2.4)
A plethora of other eective operators is generated by the matching procedure, for instance,
CP-odd four-fermion operators. ese other operators are either subleading or do not directly
contribute to the hadronic EMDs, and are denoted by the ellipsis in Eq. (2.3). As a notable
example, we mention that the Weinberg operator [11]
O3 = − 1
3 gs
fabcGaµσG
b,σ
ν G˜
c,µν (2.5)
also receives a contribution from modied quark couplings (see Fig. 1). However, since we are in-
terested in the light-quark Yukawa couplings, these contributions are suppressed by an additional
power of a small Yukawa coupling with respect to the dipole operators (2.4). Furthermore, the
dipole operators do not mix into the Weinberg operator, hence it plays no role in our calculation.
We perform the matching at the weak scale by calculating appropriate o-shell Greens func-
tions with light external quarks, photons, and gluons. As pointed out in Ref. [12], the leading
contributions arise from two-loop diagrams in the modied SM (see Fig. 2-4). In order to project
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Figure 2: Sample two-loop Feynman diagrams inducing an chromoelectric dipole moment for the
light quark q = u, d, s through a CP-violating Higgs coupling. e label q′ denotes a
quark with opposite weak isospin with respect to q.
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Figure 3: Sample two-loop Feynman diagrams with internal gauge bosons, inducing an electric
dipole moment for the light quark q = u, d, s.
all our results, we need to include one unphysical operator that vanishes by the equations of
motion (e.o.m.) of the light-quark elds. It can be chosen as
N q1 = mq q¯ /D /Diγ5q , (2.6)
where the covariant derivative acting on quarks is dened as
Dµ ≡ ∂µ − igsT aGaµ + ieQqAµ , (2.7)
with the quark electrical charge Qq .
Many contributions to the initial conditions can be obtained, in principle, by rescaling the
results for the electron EDM [8] (see also Ref. [13]). ere are, however, new diagrams that appear
only in the case of light-quark EDMs, since the photon does not couple to the neutrino in the
case of the contributions to the electron EDM (see Fig. 3, middle panel). Note that the set of
additional “non-Barr–Zee” diagrams with an internal top-quark line (see Fig. 4, right panel) are
suppressed by the CKM factor |Vtd|2 ≈ 7 × 10−5 and are neglected in our calculation. e
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Figure 4: Sample two-loop Feynman diagrams with internal top quarks, inducing an electric
dipole moment for the light quark q = u, d, s. Le panel: e classic “Barr–Zee” di-
agrams. e diagrams with an internal Z boson give a substantial contribution for
external down quarks. e sum of diagrams of the form shown in the middle panel
vanishes (the same is true for the corresponding bosonic diagrams). Right panel: is
class of diagrams with an internal top-quark line is parametrically suppressed by small
CKM matrix elements and has been neglected in our calculation.
corresponding diagrams with external strange quarks are suppressed by |Vts|2 ≈ 1.5× 10−3 and
are also neglected.
In order to display our analytic results, we decompose the Wilson coecients as
Cq1 = C
q,tγ
1 + C
q,tZ
1 + C
q,Wγ
1 + C
q,WZ
1 + C
q,W
1 + C
q,Z
1 ,
Cq2 = C
q,tg
2 + C
q,W
2 + C
q,Z
2 .
(2.8)
e terms labeled by tγ, tZ , and tg denote the contributions from Barr–Zee-type diagrams con-
taining top-quark loops and an internal photon, Z boson, or gluon, respectively (see Fig. 2 and
Fig. 4, le panels); the terms labeled by Wγ and WZ denote corresponding bosonic diagrams
(see Fig. 3, le panel). e terms labeled W and Z denote “non-Barr–Zee” type diagrams with
internalW or Z bosons, respectively (see Fig. 2 and Fig. 3, middle and right panels). By explicit
calculation, we nd
Cq,tγ1 =
α
12pi3
κq κt
{
sin(φq) cos(φt)xth
[
(2xth − 1) Φ
(
1
4xth
)
− 2 (2 + log xth)
]
− cos(φq) sin(φt)xthΦ
(
1
4xth
)}
,
(2.9)
where xth ≡ m2t /M2h . e corresponding diagrams with gluons instead of photons (see Fig. 2,
le panel) give a contribution to the initial condition of the chromoelectric dipole operator; we
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nd
Cq,tg2 =
αs
32pi3
κq κt
{
sin(φq) cos(φt)xth
[
(2xth − 1) Φ
(
1
4xth
)
− 2 (2 + log xth)
]
− cos(φq) sin(φt)xthΦ
(
1
4xth
)}
.
(2.10)
For the top-loop diagrams with internal Z bosons we obtain1
Cq,tZ1 =
α
384Qqpi3s2wc
2
w
κqκt
(
8s2w − 3
) (
4Qqs
2
w ∓ 1
) xthxtZ
xth − xtZ
×
{
sin(φq) cos(φt)
[
(1− 2xth) Φ
(
1
4xth
)
− 2 log xhZ − (1− 2xtZ) Φ
(
1
4xtZ
)]
+ cos(φq) sin(φt)
[
Φ
(
1
4xth
)
− Φ
(
1
4xtZ
)]}
,
(2.11)
where xtZ ≡ m2t /M2Z and xhZ ≡M2h/M2Z . Here and in the following, the upper sign corresponds
to the up quark (q = u) and the lower sign to the down quarks (q = d, s). Moreover, in the
remainder of this work we will assume the SM values κt = 1 and φt = 0 for the top-quark
couplings. For the bosonic Barr–Zee-type diagrams we nd
Cq,Wγ1 =
α
64pi3
√
2κq sin(φq)
[
(1 + 6xWh) (2 + log xWh)
+ (7− 6xWh)xWhΦ
(
1
4xWh
)]
,
(2.12)
where xWh ≡M2W /M2h , and
Cq,WZ1 =−
α
512pi3s2w
√
2κq sin(φq)(xZh − 1)−1
(
4s2w ∓
1
Qq
)
×
[[
3− 2xWh + 2c2w(6xWh − 7)
]
xZhΦ
(
1
4xWh
)
+
[
1 + 18xWh − 2c2w(1 + 6xWh)− 4xZh
]
Φ
(
1
4c2w
)
+
(
1
c2w
+ 2xZh − 2(1 + 6xWh)
)
log xZh
]
,
(2.13)
1Note that, in the case of top-quark CP violation, the o-shell Greens function is nite only aer inclusion of an
appropriate counterterm to cancel the divergence in the one-loop mixing of the Higgs and the Z boson. e
divergent part of the amplitude projects entirely on the e.o.m.-vanishing operator (2.6), so that the physical Wilson
coecient Cq,tZ1 is still renormalization-scheme independent.
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where xZh ≡M2Z/M2h . e contributions to the electric and chromoelectric dipoles of diagrams
with internal Z bosons are equal; we nd
Cq,Z1 = C
q,Z
2 =
α
9216pi3s2wc
2
w
√
2κq sin(φq)x
2
Zh
[
2
(
1∓ 4Qqs2w + 8Q2qs4w
)
×
(
24xhZ − 6x2hZ −
(
4 + 3xhZ
)
pi2
+
(
24xhZ + 6x
2
hZ − 3x3hZ
)
Φ
(xhZ
4
)
+
(
24 + 18xhZ − 6x3hZ
)
Li2(1− xhZ)
− (24xhZ + 6x2hZ) log xhZ)
− 12s2w
(
2Q2qs
2
w ∓Qq
)
x3hZ
×
(
6− (4xhZ − x2hZ)pi2 + (24− 18xhZ + 3x2hZ)Φ(xhZ4 )
+
(
12− 48xhZ − 12x2hZ
)
Li2(1− xhZ)
+ 12 log xhZ −
(
12xhZ − 3x2hZ
)
log2 xhZ
)]
.
(2.14)
e corresponding contributions with internalW loops are
Cq,W1 =±
α
2304pi3Qqs2w
√
2κq sin(φq)xhW
×
[
±Qq
(
24x2Wh − 6xWh
)− 18xWh ∓Qq(3x2Wh + 4x3Wh)pi2
+
(
18
(
xWh − x2Wh
)− 9± 3Qq(8x2Wh + 2xWh − 1))Φ( 14xWh
)
+
(
18± 3Qq
(
1− 4x3Wh − 3x2Wh
))(
2Li2(1− xWh) + log2 xWh
)
+
(
18xWh ±Qq
(
6xWh + 24x
2
Wh
))
log xWh
]
(2.15)
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and
Cq,W2 =
α
2304pi3s2w
√
2κq sin(φq)xhW
×
[(
24x2Wh − 6xWh
)− (3x2Wh + 4x3Wh)pi2
+ 3
(
8x2Wh + 2xWh − 1
)
Φ
(
1
4xWh
)
+ 3
(
1− 4x3Wh − 3x2Wh
)(
2Li2(1− xWh) + log2 xWh
)
+
(
6xWh + 24x
2
Wh
)
log xWh
]
,
(2.16)
where xhW ≡ M2h/M2W . In Eqs. (2.15) and (2.16) we suppressed the explicit dependence on the
CKM factors. For q = u, these two results should be multiplied by |Vud|2 + |Vus|2 + |Vub|2,
for q = d, by |Vud|2 + |Vcd|2, and for q = s, by |Vus|2 + |Vcs|2. In all cases, the squared CKM
matrix elements sum to unity to a very good approximation. Note that we neglected the tiny
contributions of diagrams with internal top quarks.
To simplify the above expressions we dened cw = MW /MZ and sw =
√
1− c2w. e function
Φ(z) is given by [14]
Φ(z) = 4
(
z
1− z
)1/2
Cl2
(
2 arcsin(z1/2)
)
,
Cl2(θ) = −
∫ θ
0
dx log |2 sin(x/2)| ,
(2.17)
for z < 1 and by
Φ(z) =
(
z
z − 1
)1/2{
− 4Li2(ξ) + 2 log2 ξ − log2(4z) + pi
2
3
}
,
ξ =
1− ( z−1z )1/2
2
,
(2.18)
for z > 1, where Li2(x) = −
∫ x
0 du ln(1− u)/u is the usual dilogarithm.
e actual calculation was performed in two independent setups, both based on self-wrien
FORM [15] routines. e amplitudes were generated using QGRAF [16] and FeynArts [17], re-
spectively, using the Feynman rules in background-eld gauge from Ref. [18]. Both setups imple-
ment the two-loop recursion presented in Refs. [14, 19]. Needless to say that the two calculations
yield identical results.
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Having obtained the initial conditions of the Wilson coecients for the operators in Eq. (2.3),
we now use the one-loop renormalization group (RG) equations to evolve the Wilson coecients
from the weak scale µew down to the hadronic scale µhad = 2GeV, integrating out the boom
and charm quarks at their respective thresholds. is procedure automatically sums the large
logarithms log(Mh/µhad) to leading-logarithmic (LL) order. We follow the standard procedure
and conventions described in Ref. [20].
Focusing on the light quarks q = u, d, s only, the evolution from the weak scale to the hadronic
scale is given by the RG equation
µ
d
dµ
C(µ) = γTC(µ) , (2.19)
where C(µ) ≡ (Cq1(µ), Cq2(µ))T , and the anomalous dimension matrix is given, to leading order,
by [21, 22]
γ =
αs
4pi
(
32
3 0
32
3
28
3
)
. (2.20)
Note that operators with dierent quark avors do not mix at one-loop order. e contributions
to the low-energy eective Lagrangian (2.2) are then given in terms of the Wilson coecients at
µhad = 2GeV in the three-avor eective theory by the relations
dq(µ) =
√
2GF Qqemq C
q
1(µ) ,
d˜q(µ) = −
√
2GF mq C
q
2(µ) .
(2.21)
3 Numerics
In this section, we evaluate our results numerically and study their impact on the neutron and
mercury EDMs. Using experimental bounds, we derive constraints on the phases of the light-
quark Yukawas at the end of this section. All numerical input parameters in this section are
taken from Ref. [23].
e numerical size of the individual contributions to the initial conditions of the Wilson coef-
cients at the weak scale are
Cu1 (µew) = (−4.5 + 14.4)× 10−5 × κu sin(φu) ; (3.1)
Cq1(µew) = (−5.6 + 20.1)× 10−5 × κq sin(φq) , q = d, s , (3.2)
where we chose µew = Mh = 125.18GeV. e rst terms in the brackets correspond to the top-
loop contributions, see Fig. 4, le panel. e diagrams with internal photons have been calculated
previously, while the diagrams with internal Z bosons are included here for the rst time. e
second terms correspond to the previously unknown bosonic contributions, see Fig. 3. It is inter-
esting to note that they enter with the opposite sign and dominate numerically over the fermionic
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contributions, similar to the case of the Higgs decay rate into two photons. For the contribution
to the chromoelectric dipole operator we nd
Cu2 (µew) = (−22.1 + 4.2)× 10−5 × κu sin(φu) ; (3.3)
Cq2(µew) = (−22.1 + 3.0)× 10−5 × κq sin(φq) , q = d, s , (3.4)
e LL RG evolution of the Wilson coecients from µew = Mh to µhad = 2GeV is obtained by
solving Eq. (2.19) numerically. We nd
Cu1 (µhad) = κu sin(φu)(1.16± 0.09)× 10−4 ; (3.5)
Cq1(µhad) = κq sin(φq)(1.45± 0.10)× 10−4 , q = d, s ; (3.6)
Cu2 (µhad) = −κu sin(φu)(1.07± 0.23)× 10−4 ; (3.7)
Cq2(µhad) = −κq sin(φq)(1.14± 0.23)× 10−4 , q = d, s . (3.8)
e central values correspond to the values at µew = Mh. We estimate the theoretical uncertainty
by studying the residual scale dependence; the quoted errors correspond to half the size of the
interval obtained by varying the electroweak matching scale in the intervalMh/2 < µew < 2Mh.
By contrast, the dependence on the scale where the boom and charm quarks are integrated out
is negligible.
Using Eq. (2.21) we nd for the resulting quark-level electric dipole moments
du
e
(µhad) = κu sin(φu)(5.5± 0.4)× 10−26 cm ,
dd
e
(µhad) = −κd sin(φd)(7.4± 0.5)× 10−26 cm ,
ds
e
(µhad) = −κs sin(φs)(150± 10)× 10−26 cm ,
(3.9)
and for the chromoelectric dipole moments
d˜u(µhad) = κu sin(φu)(7.7± 1.6)× 10−26 cm ,
d˜d(µhad) = κd sin(φd)(17.4± 3.5)× 10−26 cm .
(3.10)
Assuming a Peccei–inn-type solution to the strong CP problem we can now derive con-
straints on the modied Yukawa couplings from the experimental bound on the neutron and
mercury EDMs. e contributions to the neutron EDM are
dn
e
= (1.1± 0.55)(d˜d + 0.5d˜u) +
(
guT
du
e
+ gdT
dd
e
+ gsT
ds
e
)
(3.11)
wherewe use thematrix elements of the electric dipole operator parameterized by guT = −0.204(11)(10),
gdT = 0.784(28)(10), gsT = −0.0027(16). ese values are calculated using laice QCD and are
converted to the MS-bar scheme at 2GeV [24] (see also Refs. [25–28]). e matrix elements of the
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chromoelectric dipole operator are estimated using QCD sum rules and chiral techniques [1, 10].
For prospects on laice calculations for the laer, see Refs. [29, 30]. e experimental 90% CL
exclusion bound |dn| < 2.9× 10−26 e cm obtained in Ref. [31] implies the 90% CL limits
κu| sinφu| < 0.94 , κd| sinφd| < 0.22 , κs| sinφs| < 7.2 , (3.12)
where we allowed for the presence of a single CP phase at a time.
Other hadronic EDMs give complementary bounds. For instance, the contribution to the mer-
cury EDM is given by [1]
dHg
e
= −1.8× 10−4(4+8−2)(d˜u − d˜d) . (3.13)
Considering again the presence of a single phase at a time, the current upper experimental 95%
CL bound [32] |dHg| < 7.4× 10−30 e cm translates into the 90% CL limits
κu| sinφu| < 0.11 , κd| sinφd| < 0.05 . (3.14)
We neglected the theoretical uncertainty in all our bounds.
4 Discussion and Conclusions
In this work, we considered the Standard Model with light-quark Yukawa couplings modied to
include a CP-violating phase, and studied the constraints on these phases arising from experi-
mental bounds on hadronic electric dipole moments.
We presented the analytic result of a two-loop matching calculation at the electroweak scale
of the modied Standard Model onto an eective ve-avor eective theory, and the subsequent
leading-logarithmic renormalization-group evolution down to the low-energy scale where the
hadronic matrix elements are evaluated.
Employing the most recent experimental bounds on the neutron and mercury electric dipole
moments, we derived strong constraints on the CP phases of the up and down quarks, of the order
of several percent. e phase of the strange quark, on the other hand, is only weakly constrained.
is situation is likely to change with upcoming new experiments [2].
An interesting observation, rst made in Ref. [9], is that the neutron and mercury yield quite
complementary constraints on the up and down Yukawa, due to the specic values of the low-
energy partonic dipole contributions induced by the modied Yukawa couplings. is comple-
mentarity is enhanced upon inclusion of the full electroweak matching contributions. is can be
contrasted with the observation made recently in Ref. [7] that the mercury system yields much
weaker constraints on CP-violating phases in the boom and charm Yukawas than the bound
on the neutron electric dipole moment. e reason is that the loop-induced contributions to the
up- and down-quark chromoelectric dipole operators are nearly universal for modied boom
and charm Yukawas, while for the case of modied light-quark Yukawas, the isospin-breaking
electroweak contributions are sizeable and break that degeneracy.
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ese observations further motivate a future global analysis [33] of constraints from various
hadronic and atomic electric dipole moments on all Yukawa couplings, with the hope of being able
to disentangle the bounds on many of the dierent contributions of potentially new sources of CP
violation. is might eventually bring us one step closer to understanding the baryon asymmetry
of our universe.
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